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The complex natural cycle of vectored viruses that transition between host species, such as between insects
and mammals, makes understanding the full life cycle of the virus an incredibly complex problem. Sindbis
virus, an arbovirus and prototypic alphavirus having an inner protein shell and an outer glycoprotein coat
separated by a lipid membrane, is one example of a vectored virus that transitions between vertebrate and
insect hosts. While evidence of host-specific differences in Sindbis virus has been observed, no work has been
performed to characterize the impact of the host species on the structure of the virus. Here, we report the first
study of the structural differences between Sindbis viruses grown in mammalian and insect cells, which were
determined by small-angle neutron scattering (SANS), a nondestructive technique that did not decrease the
infectivity of the Sindbis virus particles studied. The scattering data and modeling showed that, while the radial
position of the lipid bilayer did not change significantly, it was possible to conclude that it did have significantly
more cholesterol when the virus was grown in mammalian cells. Additionally, the outer protein coat was found
to be more extended in the mammalian Sindbis virus. The SANS data also demonstrated that the RNA and
nucleocapsid protein share a closer interaction in the mammalian-cell-grown virus than in the virus from

insect cells.

Sindbis virus, a prototypic alphavirus, is an arbovirus that
propagates between vertebrate hosts and invertebrate vectors
during its natural cycle (1, 48). Sindbis virus consists of two
nested icosahedral protein shells separated by a lipid mem-
brane, all of which encapsulate a core containing single-
stranded positive-sense RNA. The outer protein shell, com-
posed of two glycoproteins, E1 and E2, associates with the
interior nucleocapsid protein of the virus through specific in-
teractions with the E2 endodomain (25-27, 36, 57, 62). Al-
though the structure of Sindbis virus has been studied using
electron cryomicroscopy (cryoEM) and X-ray scattering (12,
36, 49), providing important insight into its structure, differ-
ences in the structural features of Sindbis virus arising from the
different virus host species have not been determined.

Certain structural features of the Sindbis virus are known to
depend on the host species. Foremost among these differences
are the glycosylation patterns that derive from the host (2, 20).
The composition of the lipid membrane of the virus is also
largely host determined (41, 42). Further, recent studies have
demonstrated the importance of the host-derived membrane
as a structural component of the virus particle (13, 15, 59).
Similarly, viruses grown in insect cells have very little choles-
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terol compared to those grown in mammalian cells (11). In
vitro studies with liposomes suggest that cholesterol plays an
essential and critical role in the processes of entry and egress
of viruses in living cells (28, 30, 39). The chimeric nature of
Sindbis virus raises the possibility that other species-dependent
differences in composition exist that drive additional host-spe-
cific differences in the structures of the viral components and in
their assembly into the intact, functional virus. To determine if
the virions from invertebrate or vertebrate host cells produce
viruses with discernible structural differences, small-angle neu-
tron-scattering (SANS) methods were applied to virus particles
generated from mammalian baby hamster kidney (BHK) cells
and mosquito C7-10 cells.

Small-angle scattering methods, which probe length scales
ranging from 1 to 100 nm, are ideally suited to characterizing
the structure of virus particles in solution (40, 51-53). While
they do not provide structural information at atomic resolu-
tion, these techniques are very sensitive to the size and shape
of biological macromolecules and complexes. SANS has addi-
tional benefits that stem from the interaction of neutrons with
the samples (17, 50, 55, 61). The X-ray-scattering length of an
atom, a measure of the interaction of an X-ray with an atom,
depends on the atomic number, so small-angle X-ray scattering
(SAXS) is dominated by the heavier elements present in a
sample. In contrast, the neutron-scattering lengths of most
elements are similar, making hydrogen simpler to visualize.
Further, the scattering lengths of hydrogen and its isotope
deuterium differ in sign, which makes it possible to dramati-
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cally change the scattering-length density of a biological mac-
romolecule or an aqueous buffer by substituting deuterium for
hydrogen. The scattering-length densities of proteins, lipids,
and nucleic acids differ naturally, making it possible to probe
the internal structures of virus particles with SANS (3, 5-8, 16,
18, 21-23, 44). Another important feature of SANS is that
neutrons produce far less radiation damage in biological ma-
terials than X rays, making it possible to study delicate systems
without fear of impacting the results. Samples studied by
SANS can be further characterized for structure and function,
such as viral infectivity, after the completion of the SANS
measurements.

In the present work, SANS was used to investigate differ-
ences in the structure of Sindbis virus that resulted from two
host cell species. Virus particles grown in mammalian (BHK)
and insect (Aedes albopictus clone C7-10) cells were compared
to determine if host-derived structural differences exist along-
side the known host-specific compositional differences (11). To
maximize the scattering power of the virus, measurements
were performed on BHK and C7-10 Sindbis virus particles
purified in 100% D,O. The SANS data demonstrate that the
BHK virus particle is larger than the C7-10 insect cell particle.
The radial-scattering-length density profile determined from
the SANS data demonstrates that while the BHK virus parti-
cle’s lipid layer contains considerably more cholesterol than
that of the C7-10 virus, the radial position of the lipid layer
does not differ significantly between the two host species. Fur-
ther, the nucleocapsid core of the particle, which contains
protein and nucleic acid, shows structural differences between
the two host species. The SANS data also indicate that the
outer coat protein is more extended in the BHK-derived virus
particle than in the C7-10-derived virion. These results are the
first demonstration of structural differences in Sindbis viruses
arising from different virus host species and suggest that a
structural basis exists for the observed differences in the par-
ticles. The biological implications of these differences are un-
known, because no differences in infectivity were seen between
BHK and C7-10 cell-derived Sindbis viruses.

MATERIALS AND METHODS

Growth of virus. Virus was grown in BHK cells as previously described (14).
Forty 75-cm? flasks were infected at a multiplicity of infection of 10 PFU/cell and
were completed with 6 ml of medium, which was harvested 24 h postinfection.
The 240 ml of harvested supernatant was subsequently purified via isopycnic
ultracentrifugation on potassium tartrate gradients (11). Virus was also prepared
similarly in C7-10 mosquito cells, with the exception that the supernatant of
mosquito cells was harvested 48 h postinfection rather than 24 h.

Ultracentrifugation and virus purification. Virus was purified using three
subsequent ultracentrifugation gradients. First, 20 ml of supernatant was loaded
on top of a step gradient comprised of a 15% potassium tartrate step solution in
phosphate-buffered saline (PBS) made in D,O (PBS-D) (1.47 mM KH,PO,, 0.14
M NaCl, 80 mM Na,HPO, - 0.7H,O at a potentiometric deuterium ion concen-
tration [pD] of 7.2) over a 37% potassium tartrate solution in PBS-D. After
centrifugation in an SW28 Beckman rotor at 24,000 rpm for a minimum of 14 h,
virus bands were pulled from the gradients and diluted at a ratio of 1:2 with
PBS-D. The diluted virus bands were then loaded into a linear potassium tartrate
gradient ranging from 15% potassium tartrate in PBS-D to 37% potassium
tartrate in PBS-D. These linear gradients were centrifuged for a minimum of 4 h
at 24,000 rpm. The virus bands were pulled from the second gradient. After the
virus was purified using the second gradient, all subsequent solutions used were
made using D,O instead of H,O. The virus was diluted 1:2 once again with
PBS-D and loaded onto a third and final step gradient. The third gradient
contained a 12% to 33% step gradient of potassium tartrate in PBS-D and D,0.
Virus removed from this gradient should not have contained water, which is less
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dense than D,0O. Therefore, the virus was considered suitable for analysis by
neutron scattering. A refractometer was used to measure the refractive index of
the purified virus. The same 12% and 33% potassium tartrate solutions used in
the third purification gradient were then mixed to generate a blank (virus-free)
solution that possessed the same refractive index as the purified virus. This
solution had a final potassium tartrate concentration of 22%. Prior to delivery of
the purified virus to Oak Ridge National Laboratory, the protein concentration,
titer, and particle/PFU ratios of the virus were determined. Negative stains of
virus were also observed using scanning electron microscopy to ensure that the
particles were intact. Virus titers were also determined after the virus had been
in the beam for each of the samples measured. The particle-to-PFU ratio (a
measurement of infectivity) was determined to be near unity, ensuring that the
virus studied was infectious.

SANS measurements. The SANS experiments were performed using the Bio-
SANS (CG3) of the high-flux isotope reactor of the Oak Ridge National Labo-
ratory (29). Samples were measured at room temperature in sealed, 1-mm-path-
length quartz cuvettes at concentrations of ~500 wg/ml for BHK and ~400 pg/ml
for C7-10 samples. The neutron wavelength was set to 6 A with a wavelength
spread, AN\, of 0.14. Scattered neutrons were detected with a 1- by 1-m helium-
filled two-dimensional (2D) position-sensitive detector with 192 by 192 pixels.
Two sample-to-detector distances, 6.8 m and 15.2 m, were used to cover a q range
between g 0.003 AL, and g, 0.16 AL, where g is the magnitude of the
scattering vector and is equal to 4 sin (6)/\ and 26 is the scattering angle. The
samples and corresponding buffers were collected for approximately 3 h at each
detector setting to obtain acceptable counting statistics. The raw 2D data were
corrected for the detector pixel response and dark current, which represent the
ambient radiation background and electronic noise, before being azimuthally
averaged to produce the 1D scattered-intensity profile, I(g) versus g. The data
were placed on an absolute scale (cm™!) through the use of calibrated standards
(60). The reduced 1D profiles from the two detector distances were merged using
software developed by the National Institute of Standards and Technology
(NIST) (19) implemented in Igor Pro 6.1 (WaveMetrics, Lake Oswego, OR).
The reduced and merged data were produced by subtracting the I(g) for the
buffer from that of the sample and including a constant to account for the
difference in incoherent scattering that arises from the difference in hydrogen
content that results from the displacement of buffer by the virus in the sample.

SANS data analysis. The data were analyzed according to the method of
Guinier for the radius of gyration, R, (10). R, is a model-independent parameter
that provides a measure of the compactness of a particle. Guinier analysis utilizes
a series expansion of I(g) to derive an approximate Gaussian form for the
intensity.

1(q) = 1(0)exp(—¢°R,’/3) 1)

A linear fit of In(I(g)) versus > provides the intercept and slope, which are
related to the zero-angle scattering intensity, /(0), and R,, respectively. The
expansion used to derive the Guinier approximation is applicable to only a
limited range of low g values. For a nearly spherical particle, such as that of
Sindbis virus, the approximation is valid for a value of g * R, of <1.3 (53).

The second model-independent analysis applied to the SANS data was to
determine the excess radial-scattering-length distribution function. For a spher-
ically symmetric particle, the scattering-length density relative to that of the
solvent, p(r) — p,, can be determined by performing a Fourier transform of the
structure factor, F(g), through equation 2.

o

1
p(r) —p, = ﬁjq - F(g) - sin(gr) - dgq ()

0

F(q) is related to the scattering intensity by the equation I(g) = IF(g)I>. While the
intensity is strictly a positive number, it is possible for F(g) to be either positive
or negative. F(g) is a continuous function, and therefore, the sign alternates from
positive to negative smoothly. It was assigned to alternate after each sharp
minimum in the measured profile. Previous researchers found that p(r) — p, is
not reliable at short distances due to truncation errors that result from perform-
ing a Fourier transform over a limited g range and deviations from true spherical
symmetry (4, 18). Here, the entire measured g range was used for the Fourier
transform. The direct transformation of the data into p(r) — p, prevented taking
the instrument resolution into account.

Data were also fitted for the distance distribution function, P(r), which is the
frequency of all pairwise distances within a scattering particle, weighted by the
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FIG. 1. SANS patterns of BHK ([])- and C7-10 (V)-grown Sindbis
particles in potassium tartrate buffer at pD 7.2. The Guinier plots for
BHK ([J) and C7-10 (V) are shown in the inset. Superimposed are
best-fit straight lines, determined by the least-squares procedure,
which were used to estimate the radius of gyration, R,, and zero-angle
scattering intensity /(0). The data have been offset for clarity.

scattering-length density difference relative to the solvent. P(r) is related to I(q)
through equation 3.

%

1
P(r) = ﬁfqr'l(q)'sin(qr)'dq (3)

P(r) was evaluated using the indirect Fourier transform method implemented in
the program GNOM (45). The instrument resolution effects that result from the
sizes of the apertures and their separation, as well as the wavelength spread used,
were taken into account in the fitting, making it possible to fit the data collected
at both detector distances simultaneously. The fitting of the maximum linear
dimension of the scattering particle, D, ., and the second moment of P(r) is the
square of the R, of the particle.

A multishell spherical model was also applied to the data to better understand
the radial distribution of material in the virus. While Sindbis virus is known to be
an icosahedral particle, EM studies suggest that the particle has a strongly
spherical character, making it reasonable to model the structure of the virus with
concentric spherical shells (12, 36, 62). The intensity profile of the multishell
model is given by equation 4.

b §:3Vf<p, — o i) |

1o =3 - + bhg @

i=1

The volume fraction of the particles in solution is ¢, v, is the volume of the
virus particle, and V; and R; are the volume and radius of the ith concentric
sphere, respectively. N is the number of shells used. The spherical Bessel
function is given by j;(x) = (sinx — x cos x)/x>. The retuned value is scaled to
units of cm ™!, and the additive background is applied. The free parameters
for the model fitting were the radii of the shells and the scattering-length
density of each shell. Fitting was accomplished through the use of a modified
version of the nonlinear least-squares fitting routines developed by NIST (19)
in the IgorPro software package. The instrument resolution function was
accounted for in the modeling. The initial values for the scattering-length
density and thickness of each shell were estimated from the previously pub-
lished cryoEM structure of Sindbis virus (12, 36, 62). In order to determine
the ideal number of shells for the fitting, different values of N were tested. It
was determined that a minimum of four shells are required to adequately fit
the data. Using more than four shells did not significantly improve the quality
of the fit to the data. Therefore, the results for the multishell fitting with four
shells are presented here.
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RESULTS AND DISCUSSION

The SANS profiles of BHK and C7-10 particles in potassium
tartrate buffer in 100% D,O at pD 7.2 are shown in absolute
units in Fig. 1. The profiles have the central maximum at a g of
0, followed by three clearly distinguishable subsidiary maxima
that are typical of scattering from a predominantly spherical
particle. The higher-order peaks are lost in the noise as a result
of the limitations of the incident flux, the available beam time,
and the broader instrument resolution function at the shorter
instrument configuration that provides the data at higher ¢
values. The differences between the scattering from the BHK
and C7-10 virus particles are subtle and can be seen below 0.05
A~"'. The differences in the 1(0) values resulted primarily from
the differences in the sample concentrations, with any possible
differences in composition of BHK and C7-10 viruses being a
secondary effect. Analysis of the samples after exposure to the
neutron beam determined that there was little to no loss of
infectivity during the time that the samples were in the
beam—4 X 10"* PFU/ml for the BHK virus before and after
exposure—while the C7-10 samples were 1 X 10'* PFU/ml
before and after the SANS experiment. In addition, we also
determined that there was no loss of viral material through
interactions with the cuvettes. Therefore, we are confident that
the structural differences observed were not induced by radi-
ation damage.

The results of the Guinier fitting of the SANS data for the
BHK and C7-10 virus particles for R, are shown in the inset in
Fig. 1, and the R, and I(0) values are summarized in Table 1.
Although the number of data points in the Guinier region is
limited due to the size of the Sindbis virion, the data quality at
low g provides small uncertainties, in a relative sense, in the
extracted parameters. The Guinier plot of the BHK data ex-
hibits good linearity, suggesting that the solution was reason-
ably free from larger aggregates or very high-molecular-weight
contaminants. The C7-10 sample shows very minor indications
of high-molecular-weight contaminants or aggregates of the
virus; therefore, the first two data points were excluded from
the fitting reported in Table 1. The minor deviations from a
truly monodisperse sample actually cause the R, for the C7-10
virus to appear slightly larger than it actually is, but the trun-
cation of the low-g portion of the range used for the fitting
minimizes this effect. The Guinier fitting performed did not
take the instrument resolution function into account, but the
difference in R, was not impacted by it. The R, values extracted
from the data indicate that the BHK virus was less compact
than the C7-10 virus. In light of the general similarity of the
structures based on the scattering data, which were approxi-
mately spherical, and the very similar material compositions of
the two virions, it is possible to conclude from the Guinier
fitting that the material in the BHK virus was less localized at
the center of the particle, on average.

TABLE 1. R, and 1(0) values of the BHK- and C7-10-grown
Sindbis particles from a Guinier approximation

Sample R, (A) I(0) (cm™Y)
BHK 277.0 = 8.0 39.44 = 0.97
C7-10 267.5 = 3.0 23.50 = 0.27
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FIG. 2. Distance distribution functions, P(r), of BHK (solid line)-
and C7-10 (dotted line)-grown Sindbis particles. The inset plot shows
the difference in P(r) values of two particles.

To gain further insight into the nature of the difference
between the BHK and C7-10 particles, the data were fitted for
P(r) using the program GNOM (45), the results of which are
shown in Fig. 2. The P(r) curves were normalized to a peak
height of 1.0 to provide an easier comparison. The R,, P(r), and
D,,.. values determined by the fitting are presented in Table 2.
Again, the R,s of the two particles indicate that the BHK virion
is less compact than the C7-10 virion. The discrepancy between
these values and the R,s determined by Guinier analysis can be
attributed to the instrumental-resolution function and the use
of the entire range of data for determining P(r). Both P(r)
curves have a single broad, asymmetric peak centered near 350
A. The P(r) of the BHK particle exhibits a more pronounced
asymmetric shape clearly suggestive of a superposition of two
broad peaks, while the C7-10 P(r) has a better-defined, single
maximum. The shift in the peak to larger distances for the
BHK particle supports the idea that the mass in the particle
was less centralized than it was in the C7-10. The P(r) fitting
demonstrates that the BHK particle (D, = 698 A) had a
larger diameter than the C7-10 particle (D ., = 670 A). The
uncertainty in the D, determined using GNOM was esti-
mated to be ~5% for these data sets. The difference between
the two P(r) curves, specifically the C7-10 curve minus the
BHK curve, is shown in the inset plot in Fig. 2 and shows a
clear difference in the distribution of mass. The C7-10 particle
shows additional material at shorter distances and less material
at the longer vector lengths in the particle. The nature of the
P(r) prevents a clear discussion of exactly how the structure of
the virus differs based solely on this analysis.
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FIG. 3. Radial-scattering-length-density distribution function of
BHK (@)- and C7-10 (O)-grown Sindbis particles.

p(r) — p,, which are shown in Fig. 3, were determined in order
to better understand the internal structure of the particles. The
curves below ~90 A were considered unreliable due to the
nature of the fitting (4, 18). Both curves have a single promi-
nent feature, the broad minimum between 200 A and 250 A.
The single minimum is dominated by the lipid in the virus,
which has a lower scattering-length density than the RNA or
the protein, as can be seen in Table 3. The positions differ
slightly, being ~215 A in the BHK virus and ~225 A in the
C7-10 virus, both of which are consistent with the cryoEM
structure of Sindbis virus (12, 62). The difference in the depths
of the minima is indicative of a difference in composition. Of
the Sindbis virus components listed in Table 3, only cholesterol
is capable of lowering the scattering-length density of the lipid
layer. This reduction in the scattering-length density increases
the contrast of the lipid layer relative to the solvent. The P(r)
values determined are weighted by the contrast of the materi-
als present in the scattering particle. Therefore, some of the
difference between the R,s of BHK and C7-10 can be attrib-
uted to the increased scattering contrast resulting from the
differences in the cholesterol contents of the lipid layers.
The results are consistent with recent work demonstrating that
the BHK virus contains considerably more cholesterol than the
C7-10 virus (11). The other features in the curves suggest a
redistribution of material, but the effect is subtle in this fitting

TABLE 3. Scattering-length densities of components of Sindbis
virus in 100% deuterated solvent”

b —6 R —2
The radial-scattering-length density distribution functions, Component SLD" 10" A ™)
RNA oo 4.41
Capsid ProteiN......ccuiicuiiiiiciiiiiic s 3.17
Lipid....cccoeueeee ....0.59
TABLE 2. R, I(Q), ar}d D values of the BHK- and C7-10-grown Cllljolesterol 017
Sindbis particles from GNOM (45) .
Glycoprotein.. ....3.00
Sample R, (A) 1(0) (cm ™1 Dy (R) SOIVENE oo 5.23
BHK 246.6 = 0.7 35.67 = 0.21 698 “ Actual percentage was 95.7% due to the protonated potassium tartrate that
C7-10 240.6 £ 0.8 23.35 £ 0.16 670 was used.

> SLD, scattering-length density.
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FIG. 4. Four-shell model for BHK ([, low-g data; O, high-q data)-
and C7-10 (A, low-g data; V, high-g data)-grown Sindbis particles in
potassium tartrate at pD 7.2. The solid line in each curve corresponds
to the best fit using the multishell model. The curves have been offset
for clarity, further than in Fig. 1.

and is complicated by the unreliability of the curves at the
smaller radii.

To obtain a better picture of the distribution of material
within the two virus particles, the data were fitted using a
4-shell spherical model in which the scattering-length densities
and the radii of the shells were allowed to freely vary. The
model profiles are shown with the SANS data from the BHK
and C7-10 viruses in Fig. 4. The impact of the resolution
function on the model curves (the lines overlaid onto the data)
can be clearly seen, particularly at the first minimum in the
data sets. The radii and scattering-length densities determined
by the model fitting for BHK and C7-10 viruses are summa-
rized in Tables 4 and 5, respectively, along with the material
content interpreted from the results. The larger uncertainties,
in both an absolute and a relative sense, of the structural
parameters determined for the inner shells result from their
relative volumes in the structure. We estimate an ~20-A un-
certainty in the total particle radius that is strongly coupled to
the uncertainties in the various shell radii of the model. The
model fitting found a radius of 340 A (680-A diameter) for the
BHK virus, which is consistent with the value in the literature
(12, 36), while the C7-10 virus was smaller, with a 320-A radius
(640-A diameter). Both results are in agreement with other
analyses presented here.

TABLE 4. Fitting parameters from a four-shell model for BHK-
grown Sindbis particles and possible components in each shell”

Sr}11§.11 Thickness (A) (ws,lgAD,z) Components
1 90.87 = 10.81 4.02 = 0.15 RNA, solvent
2 100.41 = 12.10  4.65 = 0.09 Solvent, some RNA, capsid
protein
3 69.64 =2.02 149 =0.08 Lipid, protein, cholesterol
4 7928 £ 1.59 474 £ 0.06 Extended glycoprotein, solvent

“ Total radius, 340.20 + 16.40 A.

J. VIROL.

TABLE 5. Fitting parameters from a four-shell model for C7-10-
grown Sindbis particles and possible components in each shell*

SLD

Sr}llg.ll Thickness (A) (10°A2) Components
1 130.02 = 12.61 4.03 = 0.08 RNA, solvent
2 57.16 £ 13.01 5.10 = 0.82  Solvent, some capsid protein
3 71.43 = 3.10 222 £0.30 Lipid, protein
4 61.76 = 2.01 4.52 = 0.14  Glycoprotein, solvent

“ Total radius, 320.37 + 18.49 A.

The shells, loosely ascribable to the RNA core, inner capsid,
lipid bilayer, and outer capsid, have thicknesses that are in
reasonable agreement with the cryoEM structure (62). The
results demonstrate that there are differences in the distribu-
tion of material that depend on the cell species. In both par-
ticles, an ~70-A-wide layer starting at ~190 A had a signifi-
cantly lower scattering-length density than the other layers,
making it possible to assign it to the lipid layer of Sindbis virus.
The difference in the density of this layer again demonstrates
that the cholesterol incorporated into Sindbis virus by the host
species (11) associates with the lipid layer. A typical phospho-
lipid bilayer has a thickness of roughly 50 A (34), suggesting
that this layer does not consist solely of lipids and cholesterol.
The increased thickness of the layer is likely the result of
protein organization near the surface of the lipid layer, which
is reasonable in light of the known association of the nucleo-
capsid protein with the E1 and E2 proteins from the outer
capsid (25-27, 36, 57, 62). The outermost shell, which is dom-
inated by the outer envelope glycoproteins of Sindbis virus, is
more extended in the BHK virus than in the C7-10 virus, as
evidenced by the larger radius and higher average scattering-
length density that would result from solvent penetration into
this layer. One possibility is that the BHK outer-envelope pro-
teins are in a more extended conformation than those in the
C7-10 virion. The virus glycoproteins are glycosylated by host
cell enzymes, suggesting that alterations in the pattern of gly-
cosylation may account for the differences in virus structure.
Insect cells lack the enzyme sialyltransferase, and thus, the
insect viruses produced are missing the terminal sialylation
found in the vertebrate-grown virus (1, 46). This difference
could result in the altered, more extended configuration of the
BHK surface glycoproteins. The multishell model-fitting re-
sults for the innermost two layers also indicate a difference in
the distributions of material within the core and inner capsid.
The core of the C7-10 virus has a more compact RNA struc-
ture than that of the BHK virus, inferred from the higher
scattering-length density (more D,O) of the second shell. The
results suggest that more RNA exists in the second shell in the
BHK virus than in the C7-10 virus, suggesting that the RNA in
the BHK virion has a stronger interaction with the nucleocap-
sid protein than in the C7-10 virion. These data suggest that
Sindbis virus can adopt more than one metastable infectious
conformation during assembly.

Conclusions. Sindbis viruses grown from mammalian and
insect cells are assumed to have functionally equivalent struc-
tures, while the assembly pathways differ in certain details
during the infection process (1, 46). The current work is the
first demonstration that host-specific differences in virion
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structure do exist, which supports recent work demonstrating
that the host influences the composition of Sindbis virus (11).

The structures of the alphaviruses have been determined at
moderate resolution using the technique of cryoEM and three-
dimensional reconstruction (24, 32, 35-38, 43). These studies
have been conducted on virus produced from mammalian cells.
The dimensions of the components of the mammalian virus
determined in these studies agree nicely with those reported
here using the technique of small-angle neutron scattering.
Because of the biological and immunological equivalence of
viruses produced from the insect and mammalian cell types
(31), we were surprised to find a significant difference in the
structures of the insect-grown virions, particularly in the glyco-
protein shell. The data seem to suggest that while functionally
equivalent, the glycoproteins of the insect and mammalian-
cell-grown virions exhibit subtle differences in configuration.
The absence of cholesterol in the insect cell membrane (11)
and the absence of terminal sialylation of the insect-produced
carbohydrate side chains (47) may both contribute to the ob-
served difference. This observation is particularly significant, as
a crystal structure of the E1 glycoprotein truncated to remove
the hydrophobic transmembrane domain has been fitted into
the electron density map of the surface reconstruction of al-
phavirus produced from mammalian cells (32, 62). We have
previously shown that the Sindbis virus E1 glycoprotein can
exist in several disulfide-bridged configurations detected on
nonreducing polyacrylamide gels after extraction of the protein
from the intact virion (33). We have also shown that the struc-
ture of the E1 protein on the surface of the virion is not the
same as that in the crystal structure (58). If the isolated E1
glycoprotein can assume a number of configurations, it is un-
clear which is capable of crystallization and which form exists
in the surface of the mammal- or insect-produced virus. The
possibility of species-dependent structural polymorphism of E1
in the intact virion is supported by the current work.

The modeling performed has made it possible to determine
that not only does the Sindbis virus grown in BHK cells have
cholesterol incorporated into the lipid layer, but the distribu-
tion of genetic material in the core of the virus depends on the
host species. This observation is particularly intriguing and
very difficult to explain. The core of the virion is composed of
240 copies of the capsid protein and the virus RNA. The RNA
combines with the capsid protein to assemble preformed nu-
cleocapsid structures that are then enveloped in the cellular
membrane containing the virus glycoprotein (9). There are no
known requirements for host cell components in the formation
of the nucleocapsid, and assembly has been demonstrated in
vitro (54, 56). The current result implies that the chemical
environment provided by the host cell affects the assembly
process. These results provide new insight into the natural
cycle of Sindbis virus as it transitions between mammalian and
insect hosts and suggest that the structural changes are impor-
tant for the transition from one host to another.

This study also demonstrated the utility of SANS for probing
structural differences between virus particles. In addition to
providing sufficient sensitivity for detecting changes in struc-
ture, the lack of radiation damage ensures that the results are
not influenced by loss of the structural integrity of the particle,
as demonstrated by the unchanged infectivity after the SANS
measurements. The ability to work in dilute solution also en-
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sures that the results are free of artifacts that may be induced
by the use of heavy metal stains, adsorption to a grid, or
structural transitions driven during the process of crystalliza-
tion. The methodology presented here is broadly applicable to
other problems in structural virology and can provide new and
unique insight into host-specific structural differences in other
viruses that may be critical to their transition between biolog-
ically unrelated hosts.
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